Animal studies indicate that the use of replication-deficient adenovirus for human gene therapy is limited by host antivector immune responses that result in transient recombinant protein expression and blocking of gene transfer when rechallenged. Therefore, we have examined immune responses to an adenoviral vector and to the beta-galactosidase protein in four patients with lung cancer given a single intratumor injection of 10(9) plaque-forming units of recombinant adenovirus. The beta-galactosidase protein was expressed in day-8 tumor biopsies from all patients at variable levels. Recombinant virus DNA was detected by PCR in day-30 and day-60 tumor biopsies from all patients except patient 1. A high level of neutralizing antiadenovirus antibodies was detected in patient 1 before Ad-beta-gal injection whereas it was low (patient 3) or undetectable in the other two patients. All patients developed potent CD4 type 1 helper T cell (Th1) responses to adenoviral particles which increased gradually over time after injection. Antiadenovirus cytotoxic T lymphocyte responses were consistently boosted in the two patients examined (patients 3 and 4). Sustained production of anti-beta-galactosidase IgG was observed in all patients except patient 1. Consistent with anti-beta-gal antibody production, all patients except patient 1 developed intense, dose-dependent Th1 responses to soluble beta-galactosidase which increased over time. Strong beta-galactosidase-specific cytotoxic T lymphocyte responses were detected in patients 2, 3, and 4. 
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Introduction
Replication-defective adenoviruses are attractive candidates for in vivo gene transfer because of their ability to transduce a wide variety of cell types (1, 2) . The first generation vectors, rendered replication defective by the deletion of the E1 sequences, efficiently transfer genes to nonproliferating cells and thus offer great advantages to cancer therapy because of the heterogeneity of tumor cell cycling (3) (4) (5) (6) . Moreover, the transient nature of virus expression and the fact that viral DNA is not integrated into the host cell genome avoid potential risks of insertional mutagenesis and allow recombinant protein expression in tumor cells without long-term persistence of the vector in nonmalignant cells. Therefore, several adenoviral recombinant vectors have been engineered for cancer gene therapy. They allow either the transfer of tumor suppressor genes (7, 8) , or toxic gene products that promote tumor cell death (9) , or the transfer of genes encoding cytokines (10, 11) or tumor antigens (12) (13) (14) designed to stimulate host immune responses against malignant cells.
Studies in animal models indicate that host immune responses, including cytotoxic T lymphocytes (CTL) 1 specific for virus-infected cells, contribute to the transient expression of the transgene and are associated with the development of local inflammation with the infiltration of lymphocytes and polymorphonuclear leukocytes (15) (16) (17) . Recombinant adenovirus vectors also induce humoral and cellular immunity directed to the recombinant protein (18) and a recent study indicates that this immune response may be responsible for the loss of transgene expression (19) . The input viral proteins recognized by T helper lymphocytes (Th) lead to the formation of neutralizing antibodies that prevent gene transfer when a second injection of recombinant virus is administered (20, 21) . However, the immunogenicity of adenoviral vectors that has emerged as a critical issue for therapy of genetic disease is not necessarily an obstacle to tumor gene therapy. The local inflammation induced by the vector may boost the immune system and stimulate preexisting antitumor CTL which may contribute to tumor regression. As immune responses may either limit gene transfer efficiency or contribute to the antitumor therapeutic benefit, careful studies in human settings are required.
Based on compelling preclinical data, a phase I study was conducted to evaluate the feasibility and tolerance of a single intratumor injection of a recombinant replication-deficient adenovirus containing the bacterial lac Z gene (Ad-␤ -gal), in patients with inoperable lung cancer (22) . We investigated the humoral and cellular immune responses directed against the ␤ -galactosidase ( ␤ -gal) protein and to the adenoviral vector in four patients administered with 10 9 plaque-forming units (PFU). Extensive analysis of the immune responses induced in humans by adenovirus-mediated gene therapy has not been reported so far. Strong immune responses directed against the vector and the ␤ -gal protein were induced, clearly indicating that the immunogenicity of the adenoviral vector does not impede prolonged immune responses against the transgene product in humans. These results also support the view that a single intratumor injection of recombinant adenovirus is an efficient procedure for immunizing patients against the transgene protein.
Methods
Patients and study design. The clinical protocol and study design have been described previously (22) . Briefly, a replication-defective recombinant adenovirus was constructed using a modified type 5 adenoviral genome. The Rous sarcoma virus promoter was used to drive the transcription of the Escherichia coli gene encoding for the enzyme ␤ -gal (2) . Infectious Ad-␤ -gal stocks were prepared by Transgène. Patients with locally advanced lung cancer and an endobronchial lesion accessible by fiberoptic bronchoscopy were considered eligible for the study. The patients had not received chemotherapy before Ad-␤ -gal injection, but a standard chemotherapy regimen was started 3 d after Ad-␤ -gal injection. The viral suspension was given on day 0 with a fiberoptic bronchoscope. Doses of 10 7 , 10 8 , and 10
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PFU were given in a single injection to cohorts of three, three, and six patients, respectively. Bronchoscopies were performed on day 8 and 1, 2 and 3 mo after viral inoculation to assess the macroscopic antitumor response and to investigate the transgene expression on biopsies of the endobronchial tumor. The immunologic study reported here concerned the first four patients who received 10 9 PFU between January and July of 1996. Blood samples were collected for this study on day 0 (before treatment), day 8, and 1, 2, 3, and 4 mo after Ad-␤ -gal injection. PBMC and serum were isolated by standard methods and preserved frozen.
PCR for recombinant adenovirus DNA detection. The nested PCR procedure used to detect recombinant adenovirus genes has been reported previously (22) . Briefly, specimens were lysed using virus lysis buffer (10 mM Tris, pH 8.0, 1.5 mM MgCl 2 , 0.45% NP-40, 0.45% Tween 20) and 0.2 mg/ml proteinase K. After incubation at 56 Њ C for 1 h and further incubation at 100 Њ C for 10 min, DNA was extracted with an equal volume of phenol/chloroform isoamyl-alcohol. Positive control of extraction was performed using 250 PFU Ad-␤ -gal added to 10 6 293 cells (0.2 ml). Negative control of extraction was performed using 0.2 ml PBS. Two pairs of primers were used for the nested PCR as follows: pair No. 1, primers OTG5347 (lacZ gene nucleotides 4284-4307; GenBank ECOLAC) and OTG4908 (Ad5 nucleotides 3352-3329; GenBank AD5001) for the outer PCR, pair No. 2, primers OTG1 (lacZ gene nucleotides 4319-4340; GenBank ECOLAC) and OTG5349 (simian virus 40 polyadenylation nucleotides 2608-2631, GenBank SV40CG) for the inner PCR. PCR procedures were performed with 1 ϫ PCR buffer II (Perkin-Elmer Cetus, Norwalk, CT) and 2.25 mM MgCl 2 . The outer PCR was performed in a 25 l vol using 20 M for each deoxynucleotide, 100 nM for each primer, 5 l of DNA template, and 1.75 U of AmpliTaq polymerase (PerkinElmer Cetus). The reaction volume was overlaid with 50 l of siliconed oil (NMI-390; Chemiewerk Nünchritz GmbH, Nünchritz, Germany), and 75 l of inner PCR mix. The conditions for inner PCR were 60 M for each deoxynucleotide and 200 nM for each primer. Cycling was performed in a 9600 thermocycler (Perkin-Elmer Cetus) as previously described (22) . The tubes were centrifuged for 300 g for 10 min between the two 25-cycle PCR. Two PCR tubes were always performed in parallel for each biopsy specimen. DNA from the biopsy specimen was tested alone in the first tube and 2 fg of recombinant adenovirus DNA, as internal positive control, was added to the biopsy DNA in the second tube.
Cell lines and viruses for in vitro assays. The 293 cells were maintained in DMEM (GIBCO BRL, Gaithersburg, MD) supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Infected cells were harvested after 48 h and suspended in PBS at 10 7 cells/ml. 293 cells were disrupted by three freeze-thaw cycles and the supernatants were harvested. Each viral preparation was titrated by limiting dilution plaque assay on 293 cells. Other cell lines were cultured using RPMI medium (GIBCO BRL) supplemented as described above. For patients 2, 3, and 4, lymphoblastoid cell lines were established by culturing 5 ϫ 10 6 PBMC with 1 ml supernatant containing infectious EBV particles in the presence of 0. ) were stimulated once with 200 PFU/cell Ad-␤ -gal in 1 ml complete RPMI culture medium for 7 d. Cytotoxic activity was tested against the autologous EBV cell line infected for 2 h with mock or Ad-␤ -gal or Ad-rec. The infected EBV cells were washed and incubated overnight at 37 Њ C in complete RPMI medium before 51 Cr (NEN) labeling. Cytolytic activity was determined in a standard 4-h 51 Cr-release assay. Results of duplicate cultures are expressed as: % specific Cr release ϭ 100 ϫ ( experimental Ϫ spontaneous release )/( total Cr incorporated Ϫ spontaneous release ). The average spontaneous release never exceeded 20% of the total incorporated 51 Cr. Anti-␤ -gal antibodies detected by ELISA. Soluble ␤ -gal protein (Boehringer Mannheim, Mannheim, Germany) was used at 500 ng/ well to coat 96-well plates (Maxisorb; Nunc, Inc., Naperville, IL). The blocking buffer (PBS, 0.1% Tween 20, 1% BSA) was added for 1 h. The plates were washed (PBS, 0.1% Tween 20) and dilutions of serum were incubated overnight at 4 Њ C. The plates were washed and incubated with alkaline phosphatase-labeled sheep anti-human IgG or IgM (The Binding Site, Inc., San Diego, CA) for 2 h at room temperature. Enzymatic activity was detected using 4-methyl-umbelliferyl phosphate as substrate (Sigma Chemical Co.). The resulting fluorescence was measured with the Cytofluor 2300. (10 5 /well) were performed in complete medium with various concentrations of soluble ␤-gal. Proliferation was measured by incorporating [ 3 H]thymidine after 5, 6, and 7 d of culture, as described above. Lymphokine assays were performed as described above.
Anti-␤-gal helper T cell responses. Triplicate cultures of PBMC
Anti-␤-gal CTL. In vitro stimulation of PBMC was performed by mixing 2 ϫ 10 7 PBMC (responder cells) with 2 ϫ 10 6 irradiated stimulating cells (autologous PBMC incubated for 2 h with 10 8 PFU ALVAC-␤-gal) in complete RPMI culture medium (RPMI 1640 supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM l-glutamine, 1 mM sodium pyruvate, 10 mM Hepes, nonessential amino acids, and 10% heat-inactivated FCS). On day 7, responder cells were restimulated by ALVAC-␤-gal infected autologous PBMC (prepared as on day 0), in medium supplemented with 10 U/ml IL-2. On day 14, anti-␤-gal CTL were tested by using the autologous EBV cell line infected overnight with Vac-␤-gal or Vac (20 PFU/cell) as targets. For limiting dilution analysis (LDA), PBMC were seeded at eight concentrations (from 750 to 10 5 cells/well) and 24 replicates were set up for each concentration. PBMC were stimulated once with irradiated autologous PBMC infected by ALVAC-␤-gal, as described above (10 4 cells/well). Cultures were fed with 10 U/ml IL-2 on days 3, 7, and 10, and cytolytic activity was tested against Vac-␤-gal and Vacinfected targets on day 14. Cytolytic activity was determined in the 51 Cr-release assay as described above. For LDA, wells in which the 51 Cr released exceeded 10% (Ͼ 3 SD) were considered positive for cytolytic activity. The frequency of cytotoxic T lymphocyte precursors (CTLp) was estimated using the weighted mean method from the Poisson distribution relationship between the number of responding cells and the logarithm of the percentage of nonresponding cultures, as described by Taswell (23) . The CTLp frequencies of the PBMC samples were compared using the 2 test (24).
Results
Expression of ␤-gal and persistence of recombinant virus DNA in tumor specimens. 12 patients with inoperable lung cancer were included in the phase I recombinant adenovirus-mediated gene transfer study. The feasibility and tolerance in the first six patients who received 10 7 and 10 8 PFU Ad-␤-gal (three patients per dose level) have already been reported in detail (22) . The present work is an analysis of immune responses in the first four patients given 10 9 PFU Ad-␤-gal. All four patients had metastatic non-small cell lung carcinoma. A combination of vinorelbine and cisplatin was administered 3 d after the intratumor injection of Ad-␤-gal. Two out of the four patients achieved an endoscopic objective response (Table I) .
␤-gal expression and the persistence of recombinant virus DNA were determined in tumor biopsy specimens obtained on day 8 and 1, 2, and 3 mo after virus inoculation. ␤-gal activity was detected on day-8 cryosections from all four patients (Table I) . However, the level of ␤-gal expression varied considerably since a single biopsy was positive in patient 1 (out of eight) while three, two, and five positive biopsies were detected in patient 2, 3, and 4, respectively. The percentage of ␤-gal expression in positive biopsies was also variable (Table   I ). ␤-gal activity was not detectable in subsequent biopsies excepted in 1-and 2-mo specimens from patient 3 (data not shown). Recombinant viral DNA was detected by PCR in day-8 biopsies from all patients (Fig. 1) . However, it was not detected in subsequent biopsies of patient 1 whereas it persisted for up to 2 mo in patient 3 and up to 3 mo in patients 3 and 4 ( Fig. 1) .
Neutralizing antiadenovirus antibodies. Pretreatment neutralizing antibodies reflect preexisting immunity to adenovirus. Diluted serum samples taken from the four patients on days 0, 30, and 60 were tested for antiadenovirus antibodies using a neutralization assay. Patient 1 had a high level of neutralizing antibodies before treatment (100% neutralization at 1/400) which remained stable after Ad-␤-gal injection (Fig. 2) . Patient 3 had a low titer of neutralizing antibodies (30% neutralization at 1/400) on day 0 which increased very significantly by day 30 and remained stable on day 60 (Fig. 2) . Patients 2 and 4 had no detectable neutralizing antibodies on day 0. A low level of neutralizing antibodies was induced on day 30 but it decreased after 2 mo in these two patients (Fig. 2) .
Helper T cell responses to recombinant adenoviruses. Dose-dependent proliferative responses to Ad-␤-gal and Ad-rec particles were observed in all patients (data not shown). Experiments using pre-and postinjection PBMC were performed in order to assess the in vivo kinetics of response to viral antigens. As shown in a representative experiment performed in patient 3 (Fig. 3) , weak proliferation was detected on days 8 and 30, which increased on days 56 and 102. Lymphokine (IL-2, IL-4, IFN-␥) secretion was also evaluated. IL-2 was secreted in response to viral antigens 3 d after the initiation of the culture and IFN-␥ production was maximal on day 6. Representative results obtained with day-30 and day-102 PBMC (patient 3) are shown in Fig. 4 . Both adenoviruses induced high levels of IL-2 and IFN-␥ synthesis. In agreement with proliferation ex- periments, more IL-2 and IFN-␥ was produced on day 102 than on day 30. No IL-4 was detected in culture supernatants (data not shown).
Cytotoxic T cell responses to recombinant adenovirus. As few blood samples were available in patients 1 and 2, antiadenovirus CTL responses were investigated only in patients 3 and 4. PBMC were stimulated once in vitro with Ad-␤-gal particles for 7 d. The primed cells were then tested for their ability to lyse the autologous EBV cell line infected with different recombinant defective adenoviruses (Ad-␤-gal, Ad-rec). As shown in a representative experiment (Fig. 5) , cytotoxic activity specific for viral antigens, expressed by targets infected with the recombinant vectors, was detected in blood samples of patients 3 and 4 collected after Ad-␤-gal injection. In contrast, no cytotoxic activity was detected before injection (Fig.  5) . Thus, a single in vitro stimulation (7 d) resulted in significant CTL responses only for PBMC collected after treatment. These data suggest a major in vivo induction of antiadenovirus CTL responses by Ad-␤-gal.
Humoral response to ␤-gal. Serum samples collected on days 0, 30, and 60 were assayed for anti-␤-gal antibodies by ELISA. No IgGs specific to the ␤-gal protein were detected before injection. Serum samples from patients 2, 3, and 4 had high anti-␤-gal IgG on day 30, which persisted on day 60 (Fig.  6 ). Thus, a single intratumor injection of 10 9 PFU Ad-␤-gal induced a strong humoral IgG response. No ␤-gal-specific IgGs were detected in patient 1 even 2 mo after Ad-␤-gal injection (Fig. 6 ). Patients 2, 3, and 4 also had high titers of anti-␤-gal IgM on day 30 (but not patient 1), confirming the induction of primary anti-␤-gal immune response in these patients (data not shown).
Helper T cell responses to ␤-gal. The proliferative response to soluble ␤-gal was examined in the four patients. Proliferation was strong and was dependent on the dose of ␤-gal in all patients except patient 1. The results obtained with PBMC from one of the three responders and from the nonresponder are shown in Fig. 7 A. The kinetics of the in vivo response to ␤-gal were examined by assaying a pre-and postinjection series of PBMC in the same experiment. Anti-␤-gal responses increased gradually from days 30 to 102 after Ad-␤-gal injection, as shown in a representative experiment performed in patient 3 (Fig. 7 B) . No proliferation was detectable in day-0 PBMC ( Fig. 7 B) . In agreement with these results, no anti-␤-gal response was detected in normal subjects (n ϭ 4) nor in patients (n ϭ 2) with invasive E. coli infection (data not shown).
PBMC collected at different times after Ad-␤ injection were also tested for their capacity to produce IL-2, IFN-␥, and IL-4 in response to soluble ␤-gal. IL-2 and IFN-␥ production peaks were detected 2 and 4 d, respectively, after the initiation of cultures. High concentrations of IL-2 and IFN-␥ were secreted according to the dose of ␤-gal, as shown in Table II . In contrast, no IL-4 was detected.
Cytotoxic T cell responses to ␤-gal. Anti-␤-gal CTL responses were investigated in patients 2, 3, and 4. ␤-gal specific cytotoxic activity was tested against the autologous EBV cell line infected with either Vac-␤-gal or Vac. Strong anti-␤-gal responses were detected in PBMC collected after injection of Ad-␤-gal for all three patients, as shown in Fig. 8 A. The anti-␤-gal cytotoxic responses were further examined by cloning cultures displaying cytolytic activity (patient 3). HLA class I restriction was assessed by testing clones against Vac-␤-galinfected HLA class I-mismatched targets. No killing was detected, while the clones efficiently lysed Vac-␤-gal-infected autologous targets (data not shown). The killing of Vac-␤-galinfected autologous EBV cells was also found to be blocked by an anti-class I monoclonal antibody (data not shown), confirming that the anti-␤-gal cytolytic activity was mediated by CTL.
To monitor the in vivo induction of the ␤-gal-specific cytotoxic response over time for the same patient, we quantified CTLp by LDA. The same LDA experiment was used to determine the frequency of CTLp in PBMC collected from patient 3 on day 0 (before injection), and 2 and 4 mo after injection (Fig.  8 B) . The frequency of ␤-gal-specific CTLp before injection (1/44652) was not different from that of the control vaccinia virus specific CTLp (1/41280). The LDA also indicated that the frequencies of ␤-gal-specific CTLp at 2 (1/10884) and 4 mo (1/ 12768) were equally elevated and different from that obtained on day 0. Consistent with day-0 LDA results, no anti-␤-gal cytotoxic responses were detected in the PBMC from two healthy subjects (data not shown). In addition, LDA experiments performed in patient 2 also indicated elevated anti-␤-gal CTLp frequencies at 2 mo after injection that were maintained at 4 mo (data not shown).
Discussion
Four lung cancer patients were enrolled in a phase I study of gene therapy and were given a single intratumor injection of 10 9 PFU recombinant adenovirus containing the lacZ marker gene. Tumor biopsy specimen collected on day 8, and 1, 2, and 3 mo after gene therapy were analyzed for ␤-gal activity and for the presence of recombinant viral DNA by PCR. ␤-gal activity was detected in day-8 biopsy specimen from all four patients but with notable variability. A single biopsy sample (out of nine) was positive in patient 1, suggesting that ␤-gal expression was lower in this patient than in the other three. In contrast, high ␤-gal expression was found in patient 4. Recombinant virus DNA persisted in patients 2, 3, and 4 for up to 2-3 mo, whereas only the day-8 biopsy sample was positive in patient 1. These results indicate that the ␤-gal marker gene had been successfully introduced into all patients but that the efficacy of gene transfer was variable.
We have examined cellular and humoral responses to the adenoviral vector and the ␤-gal protein in these patients. Neutralizing antibodies reflect the immunity to adenovirus. Patient 1, who had a high level of neutralizing antiadenovirus antibodies before Ad-␤-gal injection, did not produce helper nor hu- (20, 25) . Patients had different preexisting immunity to adenovirus and responded differently to Ad-␤-gal injection. Therefore, we postulate that the high level of neutralizing antibodies induced in patient 3 by Ad-␤-gal injection will lower the efficacy of a second injection. In contrast, a moderate level of neutralizing antibodies will not prevent response to a second injection of recombinant adenovirus in patients 2 and 4. We found that antiadenovirus CTL were strongly induced by Ad-␤-gal injection, since a single in vitro stimulation (7 d in culture) produced a high level of specific cytotoxic activity. Recent studies have shown that in the majority of individuals, antiadenovirus CTL activities are detected using in vitro stimulation with dendritic cells or fibroblasts infected with adenovirus, after 2-3 wk in culture (26). Such activity seemed not predictive of high immunity to adenovirus which could be an obstacle to gene therapy.
Three patients developed strong primary immune responses to ␤-gal protein, as confirmed by the detection of anti-␤-gal IgM antibodies. Potent helper T cell responses were associated with strong IgG production. In vitro stimulation of PBMC from these patients with viral antigens or ␤-gal protein resulted in the production of substantial quantities of IL-2 and IFN-␥, but no detectable IL-4. This indicates that the systemic immune responses elicited by an intratumor injection of Ad-␤-gal are shifted towards a type 1 helper T cell (Th1) profile. Detailed analysis of locally produced cytokines will be needed since in mice, lymphocytes obtained by bronchoalveolar lavage also secreted IL-4, indicating that both Th1 and Th2 cells are activated in the airway (17) . Injection of recombinant adenovirus containing the CFTR gene into the airway of patients with cystic fibrosis, induces a high level of IL-6 secretion and substantial inflammation (27) .
The patients also developed strong CTL activity against the ␤-gal protein and the frequencies of CTLp in two patients taken 2 and 4 mo after the injection were similar, indicating that strong and prolonged immunity to the ␤-gal protein was induced despite the intensity of antiadenovirus responses. Overall humoral and cellular responses to ␤-gal protein reflect its immunogenicity, level of expression, and presentation to the immune system. The recombinant adenovirus used in this study contains the lacZ gene driven by a Rous sarcoma virus promoter which produces a high level expression of recombinant protein, in vivo. ␤-gal may be expressed by tumor cells and mononuclear infiltrates in the presence of both inflammatory and Th1 cytokines. This local environment may be adequate for priming anti-␤-gal immune responses. The steady release of ␤-gal resulting from virus-specific cytolytic effector killing and/or the turnover of lung tumor cells may lead to efficient immunization. These patients were also given chemotherapy at the same time as gene therapy and this treatment did not prevent eliciting efficient immune responses directed against the transgene product. In the mouse, adenoviral vectors have been successfully used as vaccine vectors to immunize against a variety of viral pathogens (18, (28) (29) (30) (31) (32) . This study clearly shows that a single intratumor injection of recombinant adenoviral vector allows for efficient immunization against the protein encoded by the transgene. These results support the clinical implementation of recombinant adenovirus coding for tumor antigens for cancer therapy.
Finally, strategies involving adenovirus-mediated transfer of tumor suppressor or toxic genes are based on the assumption that the transient expression of the recombinant protein is enough to promote lysis of the major tumor burden. Nonspecific inflammatory reactions and the cytokines released by antivirus effectors may also modify the tumor immunosuppressive environment and stimulate tumor-specific CTL, thereby boosting the therapeutic effect. Further studies are needed to Cr release exceeded the mean spontaneous release by 10% were considered positive. CTLp frequency was estimated by the weighted mean method from the Poisson distribution relationship between the number of responding cells and the logarithm of the percentage of nonresponding cultures, as previously described (23) .
